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Abstract — Invisibility has been a tantalizing concept 
for mankind over several centuries. With recent 
developments in metamaterial science and 
nanotechnology, the possibility of cloaking objects to 
incoming electromagnetic radiation has been escaping the 
realm of science fiction to become a technological reality. 
In this article, we review the state-of-the-art in the science 
of invisibility for electromagnetic waves, and examine the 
different available technical concepts and experimental 
investigations, focusing on the underlying physics and the 
basic scientific concepts. We discuss the available cloaking 
methods, including transformation optics, plasmonic and 
mantle cloaking, transmission-line networks, parallel- 
plate cloaking, anomalous resonance methods, hybrid 
methods and active schemes, and give our perspective on 
the subject and its future. We also draw a parallel with 
cloaking research for acoustic and elastodynamic waves, 
liquid waves, matter waves and thermal flux, 
demonstrating how ideas initiated in the field of 
electromagnetism have been able to open groundbreaking 
venues in a variety of other scientific fields. Finally, 
applications of cloaking to non-invasive sensing are 
discussed and reviewed. 


Index Terms — Invisibility, cloaking, metamaterials, 
transformation electrodynamics, plasmonic cloaking, 
mantle cloaking, active cloaking, acoustic cloaking, 
matter-wave cloaking, low-scattering antennas. 


I. INTRODUCTION 


[vine the past few years, there has been a considerable 

interest in studying theoretically and experimentally the 
electromagnetic properties of artificial media made with 
"atom-like" inclusions, engineered to interact with impinging 
waves in anomalous ways, inducing properties otherwise 
impossible with natural materials. These metamaterials [1-11] 
are well known today for opening exotic possibilities to 
manipulate electromagnetic waves, including negative 
refraction [12-16], spatial localization and sub-wavelength 
focusing [13], spontaneous emission control [17-20], and 
anomalous tunneling effects [21-25]. 

Perhaps one of the most appealing applications of 
metamaterials consists in the possibility of making objects 
invisible to the impinging radiation. In practical terms, 
invisibility, or the cloaking effect, aims at cancelling the 
electromagnetic field that is scattered by an object, by placing 


it inside a cover (cloak) that makes the ensemble undetectable 
to electromagnetic sensors. Related concepts, such as invisible 
particles [26-27], non-radiating source distributions [28-32], 
low-scattering antennas [33-35], and the non-uniqueness of 
the inverse scattering problem [36-39] have been investigated 
by the scientific community over the last century, yet the 
recent surge of metamaterials applied to invisibility and 
transparency has surely revamped the interest in these 
concepts and made significant advances both from the 
theoretical and the experimental point of view. 

Ideally, cloaking an object implies total scattering 
suppression from all angles, independently of the 
environment, of the position of the observer, and over a wide 
frequency range, the ultimate goal being all-angle invisibility 
over the entire visible range. Several challenges, however, 
arise along the way to realizing such an ideal device. In the 
following, we review the available techniques to achieve some 
form of transparency and invisibility, and discuss their 
intrinsic advantages and constraints. We point out current and 
future research trends in the field of invisibility, namely: (1) a 
simplification of the invisibility requirements to obtain more 
practical, yet functional designs; (ii) a drive towards the 
ultimate limits in terms of bandwidth as a function of size and 
overall scattering suppression, following recent findings on 
ultimate bounds of the cloaking operation based on passivity 
and causality [40-41]; (iii) extension of the science of 
invisibility to other physical systems for which cloaks may be 
simpler to realize; (iv) application of cloaking to technologies 
with less stringent specifications than invisibility cloaking of 
human-scale objects in the visible; (v) a realistic path towards 
active or nonlinear cloaks, that may relax many of the current 
limitations. 

In this context, we will review the few initial proposals for 
cloaking and discuss how these proposals evolved towards 
more realistic designs, underlining the performance 
compromises made in the process. We will also illustrate the 
progress of the science of cloaking in the fields of acoustics, 
quantum mechanics, thermodynamics, and liquid surface 
waves, comparing the available solutions with the case of 
electromagnetic waves. Finally, we will show that invisibility 
cloaks can have groundbreaking impact in the field of non- 
invasive sensing, where they can be used to render a sensor 
invisible to an external field, while maintaining its ability to 
receive the incoming signals. Such application possesses less 
stringent specifications than total invisibility of electrically 
large objects illuminated by broadband light, in particular in 
terms of bandwidth, scattering reduction, and size of the 
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object to cloak. Overall, our analysis aims at drawing a clear 
snapshot of the upcoming challenges in the science and 
technology associated with invisibility and cloaking. 


Il. TRANSFORMATION-BASED CLOAKING 


A. Transformation electrodynamics 


Transformation-based cloaking applies the concept of 
transformation electrodynamics to manipulate the flow of 
electromagnetic energy using a transformation that stretches 
the coordinate grid of space, as sketched in Fig.1. In the left 
panel, the red arrow represent a ray of light (or the Poynting 
vector) going through a homogeneous material. By stretching 
and compressing the Cartesian space (panel b), one can bend 
the ray at will and control its propagation, similar to what is 
originally speculated in Fermat’s principle. Because 
Maxwell’s equations are form-invariant under a coordinate 
transformation, it is possible to re-interpret electromagnetic 
propagation in the transformed system as a propagation in the 
untransformed coordinate system with a specific functional 
distribution of the permeability u and permittivity £ tensors. 


Essentially, inhomogeneity and anisotropy in the background 
plays the role of a geometrical distortion, leading to a practical 
way to effectively create any coordinate transformation in the 
physical space, providing one possesses full control over € 
and wz .Metamaterials may therefore, at least in principle, be 


used to mimic coordinate transformations, and force light to 
follow curved coordinates. 

The basis of transformation electrodynamics was 
established by pioneering works in the 20th century [42-47], 
which noticed the relationship between light propagation in an 
effective space-time geometry, and the invariance of Maxwell 
equations under orthogonal transformation of space. 
Transformation electrodynamics was later formulated for the 
general case of non-orthogonal transformations [48] and 
applied to a variety of problems including solving lattice band 
structure where different scales are at play [48], solving 
propagation in irregular lattices [49], implementing perfectly 
matched layers [50], describing negative refraction [51], and 
designing unique microwave [52], optical components [53] 
and plasmonic devices [54-56]. 





Fig. 1. Illustration of the light manipulation possibilities offered by 
transformation optics. ©2006 AAAS. Reprinted with permission, [57]. 


B. The spherical transformation cloak 


Spherical transformation cloaks [57-64] were proposed 
simultaneously and independently by Pendry [57] and by 


Leonhardt [58] in 2006. A spherical transformation cloak can 
be obtained using transformation optics (TO) by finding a 
transformation that takes a free-space spherical region of 
radius R, and maps all the contained volume into an annulus 
R,<r<R,, essentially expanding the center point of the 
sphere into a finite spherical region of radius R, isolated from 
external electromagnetic radiation (see Fig. 2a and Fig. 3). 
Propagation of electromagnetic waves can be pictured using 
either the initial coordinate system, or the transformed one: 


the transformation maps free-space into a curved space with a 
hole. 





Fig. 2. Principle of operation of transformation-based spherical cloaks. ©2006 
AAAS. Reprinted with permission, [57]. 


Applying this procedure to the radial transformation 
r’=R, +r(R, —R,)/R,, one obtains the required constitutive 
parameter tensors for the cloak [57] 
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Similar expressions can be obtained in the 2D case to 
realize a cylindrical cloak. Such cloaks, by design, provide 
identically zero scattering at the design frequency, and re- 
route the power flow around the concealed volume, which is 
electromagnetically isolated from the outside world [65], as 
represented in Fig.2b. 

The operation of this ideal cloak has been confirmed by 
follow-up studies using the ray picture [66-68]. One problem 
of using geometrical optics to validate the operation of the 
cloak is that since the transformation is singular (it transforms 
a point to a finite area surface), the central ray does not know 
whether to go up or down, right or left [57]. Therefore, the 
behavior of this critical ray is undetermined. The only way to 
prove directly that the cloak has identically zero scattering is 
to exactly solve Maxwell equations. This task was undertaken 
numerically [69,70], and the operation of the cloak confirmed. 
However, numerical studies are unable to prove that the 
scattering is identically zero because of numerical 
discretization. By solving analytically the scattering problem 
using Mie theory, it was shown that the scattering in all the 
scattering channels is made identically zero, for both the ideal 
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cylindrical [71,72] and spherical [73] cases. As an alternative, 
it is also possible to derive rigorously the cloak profiles 
directly from the requirement that the scattering must be zero 
for all possible incident fields [74]. 

Although theoretically very elegant, the transformation- 
based cloak is impossible to fabricate in this ideal scenario, 
and it remains very challenging even after some 
approximations are considered. In general, the application of 
transformation optics requires spatially inhomogeneous and 
anisotropic constitutive magnetic and dielectric tensors, as 
exemplified in (1). The electric and magnetic responses of the 
cloak material must also be identical to guarantee impedance 
matching, and therefore no reflection from the interfaces, as 
well as to guarantee no polarization dependence of the optical 
response. At the same time superluminal propagation and 
extreme values of the constitutive parameters are required in 
the cloak [75], i.e., one requires phase velocities larger than 
the speed of light in vacuum. For instance, a ray of light (the 
red line in Fig. 3a) that takes normally no time to cross the 
origin (blue point) of the untransformed coordinate system, is 
required to propagate in zero time along the finite-length blue 
circle in Fig.3b. This explains why the phase velocity in the 
cloak at the inner radius must be infinite, according to (1). The 
cloak therefore requires superluminal propagation because 
any ray that goes through it has more distance to travel in an 
equal time than it would have in the associated direct path in 
vacuum, since it has to avoid the cloaked region. 

In principle, metamaterials can provide large anisotropy and 
extreme constitutive parameters [76-78], with either very 
small [21-23,79-84], or very large values [85]. However, as a 
consequence of Kramers-Kronig relations, which are satisfied 
for any passive causal medium, superluminal propagation is 
only attainable near material resonances, which drastically 
limit the bandwidth of operation and are fundamentally 
associated with material losses. Material loss is a source of 
unwanted scattering, since, by virtue of the optical theorem, 
any absorption is associated with forward scattering. On top 
of that, it is extremely difficult to achieve strong magnetic 
response at optical frequencies. The implementation of the 
cloak is made even more difficult by the extreme sensitivity 
of transformation cloaks to tiny perturbations, as discussed in 
[71]. 
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Fig. 3. Any transformation cloak requires superluminal propagation. ©2011 
IOP Publishing. Reprinted with permission, [75]. 





To adress these issues, Schurig et al. proposed a simplified 
version of the transformation cloak, and experimentally 
verified the concept [86]. First, for simplicity, they focused on 
a 2D cylindrical cloak, for which it can be shown that all 


constitutive tensor components have only radial dependence. 
Microwave frequencies were chosen because of the ease of 
fabrication and the possibility of achieving the required strong 
magnetic responses. Because of the nature of their experiment, 
limited to only one polarization for which the electric field is 
polarized along the cylinder axis, only ¢,, wand {Log 
matter. Finally, they approximated the requirements of 
transformation-optics by following the functional dependence 


EL , 
choosing constant values for ¢, and w,,, but keeping the 


with the radial coordinate only in terms of the index 


required radial dependency for wz... This eikonal 


approximation maintains the ray path distortion as in the ideal 
case, but sacrifices the impedance J ule, introducing 


mismatch and reflections, 1.e., unwanted scattering. 





Fig. 4. First experimental verification of transformation-based cloaking at 
microwave frequencies. ©2006 AAAS. Reprinted with permission, [86]. 
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Fig. 5. Electric field simulations and measurements for the cylindrical 
transformation cloak. (A) Simulation, ideal cloak. (B) Simulation, eikonal 
cloak. (C) Measurements, bare cylinder. (D) Measurements, covered cylinder. 
©2006 AAAS. Reprinted with permission, [86]. 
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Fig. 4 shows a picture of their first-of-its-kind experimental 
cloak for electromagnetic waves, where the uw, radial 


dependency is obtained using split-ring resonators with 
varying geometry. The results from measurements and 
simulations are shown in Fig. 5, with incidence from the left. 
The cloaked object is a copper cylinder. Panel A shows the 
simulated field and power stream lines for the ideal cloak, 
while panel B shows the simulation of the simplified eikonal 
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cloak, for which some mismatch is expected and result in 
some scattering (notice the shadow). Panel C shows the 
measured field for the bare cylinder. When the cylinder is 
covered, the wave fronts closely resemble the one from panel 
B, and are much less disturbed than in the case of the bare 
object (panel C), demonstrating the operation of the cloak. 

Similar microwave experiments were realized later for the 
other polarization of interest [87]. Exciting proposals have 
been put forward to realize a similar experiment at optical 
frequencies, without the need for magnetic resonators, for a 
specific polarization of interest and with some residual 
mismatch [88]. Using different types of transformation rules 
may ease the design of non-magnetic cloaks at optical 
frequencies [89,90]. However, as discussed above, all these 
simplified versions of invisibility cloaks introduce some 
residual scattering [91]. We also note the interesting 
possibility of realizing "anti-cloaks"[92-94], 1.e., covers to be 
placed around a cloaked object that undo its effect by realizing 
an anti-transformation that neutralizes the transformation in 
the invisibility cloak. 

The spherical and cylindrical transformation cloaks are 
definitely elegant solutions to realize an invisibility effect. In 
principle, they are not limited by the size of the object, and 
can perfectly cancel scattering from all viewing angles and for 
all polarizations. Because their fabrication poses severe 
challenges in this ideal scenario, researchers have been 
exploring simplified versions of these cloaks, for which only 
one constitutive parameter is tailored. As discussed above, the 
response necessarily becomes polarization dependent and not 
impedance matched, which hinders the broad applicability of 
these concepts. In the following we outline solutions to 
simplify the cloak requirements to achieve invisibility. Most 
of the new concepts that have been proposed to improve TO- 
based cloaks start with the same observation: the drawbacks 
of the spherical or cylindrical ideal cloaks are due to the 
necessity of having superluminal propagation, especially near 
the inner radius of the cloak where extreme values for the 
constitutive parameters are required. By relaxing this 
requirement it is possible to bring invisibility cloaks much 
closer to reality, as detailed in the following subsections. 


C. Non-Euclidean transformation cloaking 


Leonhardt and Tyc [95] proposed to use a curved non- 
Euclidian transformation (such as the one obtained on the 
surface of a sphere rather than on a plane) to avoid infinite 
expansions and singularities. This approach can in principle 
avoid superluminal propagation, making this concept 
extremely promising for all-angle broadband cloaking in the 
visible [75]. The compromise made here is that cloaking is 
accompanied by an added phase requirement, which 
corresponds to the additional propagation time that the wave 
takes to propagate in the associated curved space. In other 
words, this approach leads to all-angle broadband cloaking for 
rays, not for waves. This is an expected trade-off for an 
invisibility device built without singularities for phase 
velocity [96]. Such cloaks are detectable by, for instance, 
performing time of flight measurements [97], or using 


' The human eye is also insensitive to polarization, which may also be used 
as an advantage to simplify the cloaking scheme, as discussed below. 


interferometric techniques. This is not a problem if one aims 
at concealing objects to the human eye, which is not sensitive 
to phase differences!. 


D. Carpet cloaking and its variants 


Another approach, called carpet cloaking, was introduced 
by Li and Pendry [98], which proposed to use quasi-conformal 
mapping in transformation optics. It can be shown that quasi- 
conformal mapping minimizes the anisotropy in a two 
dimensional coordinate transformation. Li and Pendry 
showed, by applying an optimization procedure, that certain 
types of transformation media can be achieved with dielectric- 
only materials and very reasonable values of permittivity. 
Such transformations may be implemented in a broadband 
way at visible frequencies. As a by-product, the very weak 
anisotropy of the resulting media may be neglected, obtaining 
isotropic graded index cloaks. They showed that this concept 
could be applied, for instance to make a mirror with a bump 
appear totally flat, by covering the bump with a carpet cloak, 
also known as a ground plane cloak. The method was applied 
to a new cloaking strategy, represented in Fig. 6. The blue 
region represents the medium on which the transformation 1s 
applied. The grey regions are filled with a perfect electric 
conductor (PEC). Essentially, the physical system is a mirror 
with a bump. The object to hide is embedded in the bump, 
surrounded by PEC. Finding the transformation that makes the 
mirror appear flat gives the required graded index profile for 
the cloak. 


(a) E 
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Fig. 6. Principle of operation of a carpet cloak. ©2008 APS. Reprinted with 
permission, [98]. 


(b) 





Full wave simulations confirm the operation of the device, 
as shown in Fig. 7. Without the cloak (panel b), the bump 
scatters the incident beam in different directions. When the 
cloak tops the bump (panel a), everything happens as if the 
mirror were flat. Obviously, the main drawback of this method 
is to work only in a 2D geometry. In other words, the bump 
would be immediately detectable in the third dimension. To 
address the robustness of the method in the third dimension, it 
is possible to look at photorealistic images of objects hidden 
under a carpet cloak in three-dimensional scenarios, generated 
using ray-tracing algorithms. This technique has been 
extensively used to investigate the performance of most of the 
broadband cloaking methods discussed in this section [99- 
104]. In the case of the carpet cloak, robustness in the third 
dimension is also observed, although image distortions are 
inevitable [100]. An additional drawback is the requirement to 
operate in reflection from a mirror, which obviously limits the 
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applicability of these concepts. A more fundamental issue is 
the presence of a lateral shift that accompanies isotropic 
ground-plane cloaking [105]. This lateral shift of the reflected 
ray, comparable to the height of the bump, is due to the fact 
that the anisotropy requirement of an ideal carpet cloak is 
typically relaxed in practical realizations. This is a serious 
issue, because it means that such an isotropic cloak is not a 
better solution than using instead a second ground plane on 
top of the bump. Thus, an observer can detect that something 
is there because there is a shift of the reflected ray, although it 
cannot know what is there. The case of a 3D axisymmetric 
bump has also been treated [106]. It was shown that three- 
dimensional quasi-conformal mapping is possible, but it 
requires some anisotropy in the cloak. 
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Fig. 7. Full wave simulation of carpet cloaking. (a) Electric field distribution 
for the reflection by PEC mirror with a bump covered by the carpet cloak 
(contained within the dashed rectangle) and (b) corresponding situation 
without the cloak. ©2008 APS. Reprinted with permission, [98]. 


Carpet cloaking was first validated at microwave 
frequencies, using non-resonant metallic elements [107]. This 
experiment was not directly scalable to optical frequencies, 
because the employed metallic elements would be somewhat 
lossy. Several subsequent works reported simultaneously the 
experimental validation of broadband carpet cloaking at 
infrared frequencies, observing 2D invisibility [108-110]. The 
carpet cloak was also built, still for a 2D bump, but 
characterized in 3D at infrared frequencies, with good 
scattering reduction for large out-of-plane viewing angles up 
to 60 degrees [111]. A ground plane cloak was built and 
characterized also for a fully 3D axisymmetric bump at 
microwave frequencies [112]. Finally, carpet cloaks were 
experimentally validated at visible frequencies over a 
broadband range [113]. Fig. 8 summarizes the results of the 
experiment in |113], validating the invisibility of a bump over 
a mirror for the extreme cases of blue and red light. 

It is worth noting also the elegant possibility of achieving 
carpet cloaking with smart materials that acquire the correct 
gradient-index profile naturally from the elastic deformation 


induced by the bump [114]. In order to avoid the lateral shift 
problem, it is necessary to retain the weak anisotropy in the 
carpet cloak [105]. Therefore, perfect carpet cloaking still 
requires anisotropy. In 2009, researchers managed to emulate 
anisotropy using tapered waveguides [115]. This indeed led to 
the observation of broadband cloaking based on a coordinate 
transformation at optical frequencies. Remarkably, the 
cloaked region was two orders of magnitude larger than the 
wavelength of light. However, this cloaking strategy only 
works in a specifically shaped waveguide. Another possible 
route is to modify the carpet cloaking transformation in order 
to obtain a variant of carpet cloaking that can be realized with 
directly available natural anisotropic materials, but does not 
suffer from the lateral shift problem, making it possible to use 
carpet cloaking to hide bigger objects [116,117]. Such 
modified carpet cloaks were implemented with affine 
transformations using bi-refringent natural dielectric crystals, 
calcite in the visible [118-119] and saphire at THz [120]. With 
this method, 2D carpet cloaking of macroscopic objects is 
possible in a wide range of incidence angles and without 
lateral shift, but only for one polarization of light. 
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Fig. 8. Experimental validation of carpet cloaking in the visible. ©2011 ACS. 
Reprinted with permission, [113]. 





Other proposals include building free-standing variants of 
the carpet cloak, which do not require a ground plane. These 
different kinds of carpet cloaks can be invisible either 
unidirectionally or in multiple directions [121-123], and 
implemented exactly with natural bi-refringent dielectric 
crystals [121] or by other means at microwaves [122,123]. 
The compromise here is to sacrifice all-angle invisibility to 
gain some simplicity in the design. Note that some other 
proposals went even further in simplification, by looking for 
unidirectional, or multidirectional cloaking, and also dropping 
the requirement that the phase of the external field must be 
recovered [124,125]. The solution to this problem is trivial: it 
can be realized using mirrors or lenses [125], as described in 
a book from the famous magician R. Houdin written more 
than 150 years ago [126]. Therefore, there is no particular 
scientific challenge in hiding an object only in one or a few 
directions and without phase preservation. If one drops the 
phase requirement, the real challenge is to cloak from all 
directions, as in non-Euclidean transformation cloaking [95]. 
On the other hand, if we drop the all-angle requirements and 
perform unidirectional cloaking, the true scientific challenge 
is to preserve the phase, as discussed in [122]. 
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E. Transformation cloaking at zero frequency 


A final approach to simplify the invisibility requirement of 
the transformation methods but still achieve functional and 
realizable transformation cloaks 1s to work at zero frequency 
[127]. In the DC case, the electric and magnetic components 
of the electromagnetic field decouple, which enables cloaking 
from DC magnetic/electric fields only with 
permeability/permittivity cloaks. Still, anisotropic and 
position-dependent constitutive parameters are required, but it 
is possible to implement them in simple configurations. DC 
magnetic cloaks, 1.e., "anti-magnets", have been discussed and 
studied both theoretically and experimentally, using 
superconductors [128-131]. Cloaks for DC electric fields have 
also been fabricated using resistor networks [132-134]. 


II. PLASMONIC AND MANTLE CLOAKING 


A. The scattering cancellation approach 


Transformation electrodynamics is the ideal approach to 
realize perfect cloaking. However, a transformation cloak can 
only be built in an approximate way, leaving some residual 
scattering in the process. For instance, the permittivity and 
permeability profiles can never match in reality the 
requirements of becoming exactly infinite at the inner radius 
of a transformation cloak. Any practical realization of a 
transformation cloak will be somehow limited, and its extreme 
sensitivity to tiny imperfections [71] will result in some 
scattering. This residual scattering is not easily controllable, 
and may become large, as it is due to small imperfections in 
the cloak implementation that are not controllable. 

Conversely, plasmonic and mantle cloaking are based on a 
radically different approach, based on scattering cancellation. 
This technique does not aim at totally cancelling the scattering 
from a given region of space, but instead only cancels out the 
dominant scattering terms in the multipole expansion of the 
scattered field. Since it relies on a non-resonant cancellation 
approach, the residual scattering is usually controlled. In 
addition, the design can be based on homogeneous and 
isotropic materials, in contrast to the very complicated 
material properties that one obtains with transformation 
cloaks. Due to their robustness, these cloaks can be built with 
less constraints, making their realization and experimental 
verification more at hand. 

Scattering-cancellation cloaks are typically built to hide a 
specific object, and do not necessarily work for another object. 
This is not necessarily a drawback, if interested in making a 
cloak applicable to arbitrary objects we simply need to cloak 
a reflective (conducting) surface with the desired shape, which 
isolates its interiors to any electromagnetic wave. Having 
more flexibility in tailoring the cloak for the object of choice 
is actually desirable, as it leads to broader bandwidths and 
better robustness for penetrable objects [135]. More relevant 
is the fact that the scattering cancellation technique is not well 
suited for objects that are very large when compared with the 
wavelength, because the number of dominant scattering 
harmonics generally grows fast with the size of the object, 
increasing the required number of layers in the cloak and the 
complexity of the design. However, a variety of applications 
do not aim at cloaking very large objects. We will discuss one 
example in section V, where we will show that plasmonic and 


mantle cloaks open new vistas in the field of non-invasive 
sensing. 

To formally approach the problem, consider the scattering 
of a monochromatic exp(j@t) wave propagating in a given 
background material with permittivity ¢, and permeability 
L by an arbitrary object placed at the origin of a spherical 
coordinate system (7,0,@) . The impinging plane wave can be 
expanded in spherical harmonics as [136] 


E. = S y aV XV x (FYR \)- jOllobmn V (FW | 
de O) 
H, = >, > Din V XV x (FY )= JOE ,A,,V x (FY ) 


n=] m=-n 


where 7 is the radial vector and w” are scalar spherical 
harmonics, which are solutions of the Helmholtz equation in 
the considered coordinate system. Each term in the sum 
corresponds to a transverse magnetic (TM) or transverse 
electric (TE) spherical wave, which stands for the incident 
(n,m) multipole with respective amplitudes a„,and b,,. 
Because Maxwell equations are linear and the harmonics are 
orthogonal functions, one can solve the scattering problem 
separately for each harmonic, writing the total scattering field 


as a superposition of the contribution of each multipoles, 1.e., 
[137] 


E = 5 y CM ay, VX V x(FWn) = jones” b,,V x (FW ) 


A, =$ $ co, Yx Vx (iyt )- joec anx (Pw) 
(3) 


The coefficients c in (3) quantify how much scattering is 
associated with a given TM or TE wave, and they are 
independent of the excitation. These scattering coefficients 
depend only on the particular object and on frequency. For a 
given object of characteristic size a , contributions up to order 
nzka, with k, = N Lyé) , dominate the sums in (3) 
[138,139]. The overall visibility of the object is quantified by 
the total scattering cross-section o, [137]: 
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Therefore, the coefficients c determine the possibility for 
an observer to detect the presence of an object. By designing 
suitable covers that cancel the dominant scattering 
coefficients in the sum (4), one can induce invisibility for a 
given object. This is the concept of dominant scattering 
cancellation. 


B. Plasmonic cloaking 


Plasmonic cloaking implements the scattering cancellation 
technique using cloaks or shells made out of homogeneous 
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and isotropic materials [140-155]. The adjective plasmonic 
cloaking stems from the fact that in general, to cloak most 
objects, a cloak with permittivity below unity is ideal, which 
requires the use of materials with plasma-like dispersion, 
called plasmonic materials. 





e=6, 


Fig. 9. Range of permittivity for which the invisibility condition (6) admits 
physical solutions. Here, we have taken the particular case n=1. ©2005 APS. 
Reprinted with permission, [140]. 
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Fig. 10. Principle of plasmonic cloaking. . ©2005 APS. Reprinted with 
permission, [140]. 


As an example, let's take the simple case of scattering of a 
plane wave from a dielectric sphere. Let us assume that the 
radius of the sphere is a and its permittivity €, and this 
sphere is embedded in a spherical dielectric shell of radius 
a, >a and permittivity ¢,. Because the system is spherically 
symmetric, we can take m=O in Eq. (2)-(4) and drop the 
index m. The ensemble forms a core-shell structure whose 


scattering coefficients c” and c may be calculated exactl 
8 į ” y y 


by enforcing the boundary conditions. Because the shell only 
adds one degree of freedom, it can only cancel the scattering 
from one multipole. We therefore make the additional 
assumption k,a,<1 to keep the number of dominant 
scattering harmonics to a minimum. This assumption on the 
size is not necessary in general, but is made here to ease the 
demonstration. Several layers are in general required to extend 
the technique to big objects or to cloak at multiple frequencies 


[146]. In the quasistatic limit, we obtain c) £ x Oand 


M x- jka,” f(Enala,), (5) 
where f is areal valued function of £, and a/a, . The factor 


f(é,,a/a,) can be canceled under the following invisibility 
condition [140] 


(=) _ (6-626, +8) o 


a, (£, -E2E.+£,) 

Because the left-hand side of (6) is necessarily bounded 
between 0 and 1, this invisibility condition cannot be fulfilled 
for any values of € and ¢,. Fig. 9 summarizes in a contour 


plot the values of permittivity for which (6) is fulfilled, if one 
sets n = 1 in the figure. In particular, it is apparent in Fig. 9 
that for any value of permittivity €, we can find a cloak 
(€,,a,) to make the sphere invisible. In addition, we can infer 


from the figure that the induced dipole moments in the cloak 
and in the particle are always opposite. This remark enables 
the interpretation of plasmonic cloaking illustrated in Fig. 10. 
Take the example of a dielectric double-positive (DPS) sphere 
with € > €,, 1.e., with a positive polarizability. Such a sphere 


requires, according to Fig. 9, a cloak with £, < £, i.e., an 


epsilon negative medium (ENG) that has negative 
polarizability. Both the sphere and its cloak, when taken 
separately, scatter the incident field and are therefore 
detectable. However, when they are combined in a single 
scatterer, their polarizabilities cancel each other to create an 
invisible system with zero net induced dipole moment. 

Such a method has been widely studied also in more 
complex situations [142,143]. It was shown to be robust to 
geometry imperfections and material losses [144]. As shown 
in Fig. 11, cloaking for a collection of particles was 
demonstrated in very stringent scenarios due to the excellent 
near-field scattering cancellation capability of the method 
[145]. The use of several homogeneous and isotropic layers 
was proposed to achieve cloaking at multiple frequencies or 
for bigger objects [146,147]. The effect of size and frequency 
dispersion was studied to evaluate the limitations of the 
method [135], showing that it leads to larger bandwidth than 
transformation cloaks. Plasmonic cloaking was shown to work 
even for irregularly shaped objects with anisotropic scattering 
properties [148]. The behavior of plasmonic cloaks under non- 
monochromatic excitation were studied to address the 
behavior of the cloak in time-domain [149]. Scattering from 
cylinders covered with plasmonic cloaks was thoroughly 
studied and the method was shown to be robust to the effect 
of finite length, even under oblique illumination [150]. 
Satellite cloaking was also proposed, a method analogous to 
plasmonic cloaking in which four spherical plasmonic 
particles symmetrically surround the dielectric object to be 
concealed [151]. 

At optical frequencies, plasmonic cloaking may be 
implemented by using natural plasmonic materials such as 
metals. When natural materials are not available, the method 
needs to be implemented with metamaterials. For instance, 
plasmonic covers can be realized with parallel plate 
metamaterials in the 2D cylindrical case [152,153], for one 
polarization. Fig. 12 shows the scattering cross-section for a 
dielectric cylinder surrounded by a cloak made of dielectric 
material and 8 metallic fins, and compares it with the one of 
the object in free-space. This technique can, in principle, be 
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used to implement plasmonic cloaking in the 2D case at 
optical, infrared or microwave frequencies. 

Such plasmonic metamaterials were used to experimentally 
validate plasmonic cloaking at microwave frequencies in a 
waveguide set-up [154]. Later, the same technique was 
employed to observe plasmonic cloaking for a free-standing 
object in free-space, and verified its functionality from all 
angles, both in the near- and far-field [155]. A picture of the 
cloaked cylinder used in this experiment is shown in Fig. 13, 
and near-field measurements are presented in Fig. 14, 
demonstrating invisibility at the design frequency (3.1GHz). 


z 8 
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Fig. 11. Field distribution (snapshot in time) for plasmonic cloaking of a 
collection of PEC spheres at various incidence angle (a) 0 deg, cloaked, (b) 0 
deg, bare, (c) 45 deg, cloaked, (d) 45 deg, bare, (e) 90 deg, cloaked, (f) 90 
deg, bare. ©2007 OSA. Reprinted with permission, [145]. 
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Fig. 12. Scattering cross-section for a dielectric cylinder covered by a parallel 


plate metamaterial with plasmonic-like dispersion. . ©2008 APS. Reprinted 
with permission, [153]. 


C. Mantle cloaking 


The mantle cloaking technique implements the scattering 
cancellation technique using a different approach compared to 


plasmonic cloaking. Instead of using a homogeneous isotropic 
layer of material, it uses an ultrathin isotropic frequency 
selective surface [156,157]. By tailoring the surface 
impedance of the mantle cloak, it is possible to cancel the 
dominant scattering from the object. Examples of mantle 
covers that may be used to tailor scattering are represented in 
Fig. 15. The advantage of this method is that it leads to 
ultrathin, light weight and conformal designs, and it tends to 
provide broader bandwidths. 





Fig. 13. Experimental validation of plasmonic cloaking in free-space: cloaked 
cylinder. ©2012 IOP Publishing. Reprinted with permission, [155]. 
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Uncloaked Cloaked Free-space 
Fig. 14. Experimental validation of plasmonic cloaking in free-space: near 


field measurements (snapshot in time). ©2012 IOP Publishing. Reprinted 
with permission, [155]. 
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Fig. 15. Examples of possible cloak designs that may realize mantle cloaking. 
©2009 APS. Reprinted with permission, [158]. 


When dealing with mantle cloaking, the only difference in 
the calculation of the scattering coefficients is the boundary 
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condition on the surface. In the case of an infinitely thin 
metascreen covering a sphere, the boundary condition must 
describe the discontinuity of the tangential magnetic field 
imposed by the induced surface current. Mantle covers are 
typically composed of subwavelength elements, and described 
by an averaged surface impedance which link the induced 
average surface current density J, to the tangential electric 


field E,,, =Z,"J,. At radio-frequencies it is usually assumed 
that the ultrathin cover is low-loss, thus Z;" = jX,. Usually, 


for the polarization of interest, Z” may be considered a 


scalar quantity, 1.e., the surface does not cause polarization or 
harmonic coupling. 

The boundary conditions on the metascreen interface are 
the continuity of the tangential electric field, and the 
discontinuity of the magnetic field, 
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Fig. 16. Scattering cancellation by mantle cloaking. ©2009 APS. Reprinted 
with permission, [158]. 





Fig. 17. Experimental set-up used to measure all-angle scattering cancellation 
by mantle cloaking. ©2013 IOP Publishing. Reprinted with permission, 
[164]. 


Repeating the same procedure as in the case of plasmonic 
cloaking, it is possible to find the correct value of surface 
reactance for a spherical cloak of radius a, surrounding a 


dielectric sphere. With the definition y =a/a,, we find [158] 


too r | (8) 
3y was (E-l) 


Using thin patterned metasurfaces, we have theoretically 
and numerically demonstrated that mantle cloaking can result 
in a substantial scattering reduction for cylindrical and 
spherical objects, from all viewing angles [159-161]. A 
numerical example is given in Fig. 16, where we plot the 
scattering cross section of a dielectric sphere with ¢=10, 
covered by a quasi-isotropic inductive FSS made with six 
orthogonal interconnected conductive stripes with a,/a=1.1 


. The diameter of the object is 2,/3, and the surface is 


engineered to provide the required surface impedance to 
cancel the dipolar contribution to the scattering at the design 
frequency. A scattering reduction of more than 15 dB is 
observed for this realistic design. Engineering recipes for 
designing a variety of surface impedances for mantle cloaks 
are given in [162]. Graphene may also be used to realize 
ultrathin mantle cloaks at terahertz frequencies [163]. Mantle 
cloaking was experimentally validated by cloaking a free- 
standing object in free space, and from all angles, for one 
polarization [164]. The object shown in Fig. 17 is a dielectric 
rod covered by a specifically designed frequency selective 
surface. The measured near-field patterns are shown in Fig. 
18, demonstrating good performance over a relatively broad 
frequency range. Future research will focus on designing 
mantle cloaks that work for both polarizations, and improved 
omnidirectional mantle cloaks taking into account the 
anisotropy of the surface and cross-polarization coupling. 
Note that mantle cloaking leads to extremely thin and 
conformal cloak designs at microwaves, in contrast with all 
the transformation-based method and plasmonic cloaks. 
However, plasmonic cloaks may be more advantageous at 
visible frequencies, using natural materials, because of the 


difficulty to realize patterned mantle surfaces with 
subwavelength resolution. 
3.9 GHz 
3.7 GHz 
3.5 GHz 
3.3 GHz 





Uncloaked Cloaked Free Space 


Fig. 18. Experimental validation of mantle cloaking in free-space : near field 
measurements (snapshot in time). ©2013 IOP Publishing. Reprinted with 
permission, [164]. 


Forum for Electromagnetic Research Methods and Application Technologies (FERMAT) 


IV. ALTERNATIVE CLOAKING TECHNIQUES 


There are other cloaking methods that do not directly fit into 
the above categories. We briefly review them in this section. 


A. Cloaking using transmission-line networks 


Transmission-line networks can be used to hide objects 
from electromagnetic waves [165-169]. Cloaking with a 
transmission-line network is illustrated in Fig. 19. The idea is 
to force the incident wave to pass through a network of 
transmission lines that is tailored to have very low scattering 
cross-section. Therefore, this method can hide objects that fit 
inside the fishnet formed by the network, since there is 
virtually no field there. Because the power is not required to 
go around the object, superluminal propagation is not in 
principle required. Thus, the method is inherently broadband 
and suitable for cloaking from short signals. The main 
drawbacks of this technique is that the cloaked object is 
required to fit between the network lines, which implies 
cloaking only objects whose geometry is complementary to 
the networks, or very small objects. A numerical example 
showing the operation of a transmission-line network cloak is 
given in Fig. 20. 
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Fig. 19. Principle of cloaking using transmission-line networks. The incident 
wave is squeezed into a transmission line network that is specially designed 
to have very low scattering. Any object that fit in between the lines of the 
network is not traversed by the incident wave, and does not scatter. ©2008 
IEEE. Reprinted with permission, from IEEE Transactions on Antennas and 
Propagation [166]. 


B. Parallel-plate cloaking 


Parallel-plate cloaking [170-172] aims at guiding the 
incident electromagnetic energy around an object by using a 
cloak made of parallel metallic fins with adiabatically 
decreasing separation (cf. Fig. 21). In a sense, the principle of 
operation is similar to a transformation cloak, although it is 
not designed using a coordinate transformation. The 
underlying idea is that in free space, the propagation of a plane 
electromagnetic wave is not disturbed by the presence of 
parallel perfectly conducting sheets that are perpendicular to 
the electric field. This is true regardless of the distance 
between the sheets. Here, the thickness of the parallel plates 1s 
increased gradually until they are in contact and create a short, 
preventing the electromagnetic energy to reach the center of 
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the cloak, where the object is hidden. Instead, the energy 
prefers to go around the concealed object, as can be inferred 
from the numerical simulations of Fig. 22, showing the 
electric field distribution around the cloak (panel a) as well as 
the Poynting vector (panel b). This method shows 
exceptionally broadband cloaking capabilities, for the 
considered polarization. 


Max 
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(b) 
Fig. 20. (a) A transmission-line network cloak renders an array of rods 
invisible. (b) Without it, the object would be almost opaque. ©2008 IEEE. 
Reprinted with permission, from IEEE Transactions on Antennas and 
Propagation, [165]. 
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Fig. 21. A parallel-plate cloak used for broadband cloaking of a conducting 
cylinder. ©2009 APS. Reprinted with permission, [170]. 
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Fig. 22. Numerical simulations for a parallel plate cloak. (a) electric field and 
(b) Poynting vector. ©2009 APS. Reprinted with permission, [170]. 
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C. Anomalous resonances 


An alternative method for inducing invisibility is based on 
localized anomalous resonances [173-178]. The method 
exploits resonances, such as plasmonic resonances or 
resonances at the interface between complementary media, to 
induce invisibility in a finite region outside the cloak. The 
main drawback of such a technique is the extreme sensitivity 
of plasmonic resonances to material losses. We also mention 
that similar cloaking effects at a distance outside the cloaking 
shell can be induced using complementary media like pairs of 
right handed and left handed media [177,178]. 


D. Active cloaking 


It is generally believed that linearity, causality and passivity 
together limit the operation of any invisibility cloak in 
bandwidth, and that there exist a general trade-off between 
bandwidth and total scattering reduction [40,179]. In 
particular, any scattering reduction at a particular frequency 
achieved with a passive cloak is necessarily accompanied by 
an increase of the scattering when integrated over the entire 
frequency spectrum [40]. While an active cloaking system 1s 
still forced to abide by causality, its limitation in terms of 
bandwidth may be less restrictive than a passive system. The 
potentials of active cloaks or interactions between active 
systems and passive cloaks have been discussed and 
theoretically studied [180,181], and it was proposed to use 
cloaks made of layers of sensors and sources to create 
broadband invisibility cloaks [180]. An active scheme for 
cloaking the Laplace and the Helmholtz equations have been 
put forward in [182,183]. Experiments on active cloaking 
have been conducted at DC frequencies with interesting 
results [184]. The problem of active cloaking at non-zero 
frequency is very challenging because the external wave 
leaves very little time for an active system to perform 
calculation and react. Another possibility is to work with 
active self-sensing elements. Active mantle cloaking may be 
realized using non-Foster metasurfaces [185]. The 
implementation of active cloaking may be significantly easier 
for acoustic waves however [186]. 





Fig. 23. A PT-symmetric optical structure can be designed to be invisible from 
one side. ©2011 APS. Reprinted with permission, [193]. 


A totally different active scheme, that does not require 
sensors, is provided by the use of parity-time symmetric 
structures or metamaterials [187-193]. It can be shown that 
structures possessing specific arrangements of gain and lossy 
media respecting PT symmetry may be designed to induce 
unidirectional invisibility [193]. An example of such 
structures is shown in Fig. 23. It is a two ports, PT symmetric, 
reciprocal, active system that possesses a unitary transmission 
coefficient from both sides, and a zero reflection coefficient 
only from one side. In the direction for which the reflection 1s 
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zero, the wave is transmitted as if no object was here, even for 
its phase. From the other side, transmission is still one, but 
there is an amplified reflected wave (in green). 


E. Hybrid methods and miscellaneous 


A recent article presented some promising experimental 
results on a hybrid method that aims at taking advantage of 
both transformation optics and dominant scattering 
cancellation method [194]. A cylindrical object is rendered 
invisible by using a cloak with several layers. The cloak 
operates without superluminal propagation by design. Some 
layers are used to cancel the dominant scattering multipoles, 
but anisotropic materials are used to try to take advantage of 
the transformation approach. The cloak is designed 
numerically using optimization procedures. Because the 
operation is non-resonant, it is quite broadband. However, the 
reported total scattering reduction is not very large. Another 
approach to cloaking used the mirage effect with thermally 
modulated transparent carbon nanotubes sheets [195]. 


V. CLOAKING BEYOND ELECTROMAGNETISM 


As mentioned in the introduction as a general trend, the 
science of invisibility is expanding towards other physical 
systems were energy transmission is either due to wave 
propagation in forms different from electromagnetism, or to 
diffusion. This section is devoted to cloaking for non- 
electromagnetic systems such as elastic waves, acoustic 
waves, matter-waves, thermal flux, and liquid surface waves. 


A. Elastic and acoustic waves 


Cloaking of acoustic waves is highly desirable in a variety 
of applications, for instance invisibility from sonars. Acoustic 
metamaterials and sonic crystals with unusual values of bulk 
modulus and density [196-207] have been the subject of 
intense research for more than a decade now. They provide 
increased flexibility in designing media with specific acoustic 
properties, which may lead to the realization of acoustic 
cloaks. 

Pioneering work by Milton et al. examined the form- 
invariance of the general elasto-dynamic equations, in an 
attempt to formulate a theory of transformation acoustics 
[208]. They reached the conclusion that the linear elasto- 
dynamic equations are not form-invariant under coordinate 
transformation, even in the particular case of acoustic (i.e., 
longitudinal-only) waves in gases or liquids. This was 
followed by investigations of metamaterials that could be used 
to cloak elastic waves in some particular cases [209]. 
Subsequent works showed that the transformation method 
could be applied for acoustic waves in 2D [210], based on an 
equivalence between the 2D acoustic equations and Maxwell 
equations for a single polarization. But still, at that time, it was 
believed that the transformation method could not provide 
acoustic invisibility cloak designs in the fully 3D case, even 
in the scalar case. 

Yet, two different papers [211,212] showed, using different 
indirect methods, that the cloaking solution can be obtained in 
the case of 3D acoustic waves, and result in an anisotropic 
effective mass and bulk modulus cloak with functional 
dependency as in the electromagnetic case. Later, the problem 
of form-invariance of the elasto-dynamic equations was re- 
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examined [213]. It was shown that the elasto-dynamic 
equations are not in general form-invariant, but however, the 
particular case of acoustic waves is governed by form- 
invariant equations. The velocity vector in acoustics 
transforms differently than the E and H vectors in 
transformation optics, a point that was initially missed in the 
original study [213]. The use of transformation acoustics 
indeed leads to the cloak profile previously obtained by direct 
scattering analysis [212] and analogy to the DC conductivity 
equation [211]. It should be also recognized that the solution 
for the transformation acoustic cloak was already contained in 
a prior work from Greenleaf et al. on general Helmholtz 
equation cloaking analysis with respect to Riemannian metrics 
[214]. 

Transformation acoustics can lead to various cloak 
geometries [215], but possesses the drawback of requiring 
metamaterials with anisotropic density. Anisotropic versions 
of pentamode structures may be a solution for transformation 
elastodynamics [216-218]. Efforts to obtain artificial 
materials with anisotropic mass [219] led to promising 
proposals to build the acoustic transformation cloak out of 
multilayered structures made with two types of acoustic 
isotropic metamaterials, whose parameters change as a 
function of the radial distance [220-222]. Practical realization 
of the radial dependence may be achieved using sonic crystals 
[220]. Simplified cloaks based on the eikonal approximation 
were also proposed, and sensitivity to the presence of a non- 
vanishing shear modulus was studied [223]. The first 
experimental realization of a 2D cylindrical transformation 
acoustic cloak used a network of acoustic resonators based on 
the transmission-line approach [224]. An acoustic version of 
the carpet cloak was also fabricated [225]. Cloaking for elasto- 
dynamic waves was also proposed and observed in simplified 
scenarios [226-228]. 

The scattering cancellation method was also transposed to 
acoustic waves, demonstrating the acoustic equivalent of 
plasmonic [229-231] and mantle [232] cloaking. The 
realization of the first 3D acoustic cloak was recently reported, 
using a dominant scattering cancellation method, but 
unidirectional [233]. Finally, we note the possibility of 
increasing the bandwidth of acoustic cloaks by using hybrid 
methods mixing transformation acoustics and scattering 
techniques [234]. 


B. Thermal waves 


The general idea that phonons, just like photons or 
electrons, can be manipulated to control the heat flow and 
create components like rectifiers, transistors or diodes for heat 
flow is very appealing [235]. We ask the question, can we 
build a thermodynamic cloak such that a conductive object is 
not only isolated from heat, but also does not perturb the heat 
flow? The answer is yes. Application of coordinate 
transformations to the form-invariant heat diffusion equation 
has led to the formulation of the ideal thermal cloak and 
promising theoretical proposals for molding the flow of heat 
[236-243]. Interesting experiments on thermal cloaking 
implementing these concepts in a 2D planar structure have 
been reported [244,245]. Thermal cloaking have also been 
realized in 3D, based on a simple static design, using thin 
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cloaks made of two layers of homogeneous materials 
[246,247]. 


C. Quantum matter waves 


Any particle, according to quantum mechanics, can be 
described by a wave function, or probability amplitude, the 
square modulus of which gives the probability of presence of 
the particle at any particular point. Such wave functions 
describe matter waves that obey a wave equation, the 
Schrodinger equation, mathematically analogous to 
electromagnetic waves, which obey Maxwell's equations. 
Because any particle has wave-like properties at the quantum 
scale, it may be possible to cloak them, effectively rendering 
matter invisible to these waves, or particle beams. In a 
pioneering paper [248], it was shown that a potential 
distribution of finite extent can be cloaked from matter waves 
providing the potential distribution is surrounded by a 
quantum cloak made of a medium with specific anisotropic 
inhomogeneous effective mass and potential [248-252]. This 
is obtained by applying the transformation method to the 
effective-mass Schrodinger equation, which is form-invariant 
under coordinate transformations. Because such a 
transformation cloak may be extremely challenging to realize 
in practice, the scattering cancellation technique was instead 
proposed [253], showing that potential wells in realistic 
semiconductors can be cloaked from incident electrons by 
using homogeneous and isotropic layers [253,254]. This may 
be used to realize furtive quantum sensors [255,256]. 
Graphene may also be used to implement electron cloaks 
[257]. Matter-wave metamaterials are currently under active 
investigation, and could also be of interest to build electron 
cloaks [258-261 ]. 


D. Surface liquid waves 


We briefly mention the case of transformation cloaks that 
have been theoretically proposed and experimentally realized 
for surface waves at the interface between a liquid and a gas 
[262,263]. This may have application for shielding floating 
bodies from surface waves. 


APPLICATIONS OF CLOAKING TO NON-INVASIVE 
SENSING 


VI. 


We illustrate now what we believe to be a particularly 
promising perspective and application in the science and 
technology of cloaking. As discussed in the above sections, 
all-angle invisibility for human-scale bodies in the visible is 
extremely challenging to achieve, even if the phase 
requirement is dropped. This is because human-scale objects 
are considerably larger than the wavelength of light, and 
visible frequencies correspond to quite a broadband window 
to cover. However, very promising applications of the science 
of cloaking can be found if these stringent requirements of 
size, bandwidth and frequency range are relaxed. A relevant 
research direction is therefore to look for applications that do 
not require these severe specifications. In this part we give an 
example of such an application, and highlight the potentials of 
using cloaks to build invisible sensors that do not perturb the 
field that they measure. Sensors can be relatively small and 
narrowband. They make perfect candidates for transitioning 
the science of cloaking to industrial applications. 
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A. Cloaking a sensor 


There is a long history [264-271] of the science of low- 
interference communications systems and furtive 
measurement devices, dating back to the concept of minimum- 
scattering antennas [33]. Invisibility cloaks may open 
promising new venues to these questions. The concept of 
cloaked sensors [272,273], proposed in 2009, is illustrated in 
Fig. 24. Panel (a) shows a simple sketch of a bare sensor, 
capable of receiving some power from the impinging radiation 
to perform a sensing operation. This power is associated with 
the absorption cross-section of the sensor. At the same time, 
such a receiving system also scatters a portion of the incident 
power, which is associated with its scattering cross-section. 
This scattered wave disturbs the probed field, potentially 
perturbing the measurement, and makes the sensor detectable 
to its surroundings. As a result, the higher the ratio between 
absorption cross-section and the scattering cross-section, the 
less-intrusive the sensor and the better the measurement is 
expected to be. The purpose of the cloak is to drastically 
increase this ratio, called absorption efficiency, as represented 
in panel (b), by strongly reducing the scattered field. 





Fig. 24. (a) A conventional sensor may be able to sense a signal, but this is 
associated with scattering, which disturbs the probed field and make the 
sensor detectable. (b) The sensor can be cloaked in order to cancel or reduce 
its scattering but maintain its ability to receive a signal. ©2009 APS. 
Reprinted with permission, [272]. 


Fig. 25a shows a numerical simulation for a realistic RF 
dipole antenna, on which a plane wave is incident from bottom 
to top. The arrow plot represents the average power flow. The 
antenna clearly picks up some power, as indicated by the 
inward directed Poynting vector near the gap of the dipole. At 
the same time, one can notice that the Poynting vector arrows 
far from the antenna do not describe parallel stream lines, as 
one would expect for the incident field alone. This means that 
the sensing operation is accompanied by strong scattering. 
Panel (b) shows the same antenna, but surrounded by a 
properly designed plasmonic cloak that aims at canceling most 
of the dominant dipolar scattering from the antenna. One can 
see, looking inside the cloak, that the antenna is still able to 
receive power. However, outside of the cloak, the arrows 
indicating the power flow are all parallel and of equal 
magnitude, indicating that the scattering is now negligible. 
This realistic numerical example shows that the concept of 
non-invasive cloaked sensor is viable. 

For RF antennas, there are also other strategies to control 
scattering and absorption, such as proper loading with an 
electrical circuit [264,274]. Therefore at RF, the use of a cloak 
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is an alternative technique that may bring more flexibility in 
designing low-scattering antennas [275-278], or antenna 
arrays with reduced mutual blockage [279,280]. At infrared or 
optical frequencies however, this technique opens new venues 
for realizing furtive sensing systems. Fig. 26 illustrates the 
possibility of using plasmonic cloaks to cover the tip of near 
field scanning optical microscopes (NSOM) operating in the 
aperture mode [281,282]. The top panel represents the field 
associated with a surface plasmon emitted from the far left 
side of the figure and propagating towards the right at the 
interface between a silver metallic block and free-space. This 
plasmon 1s incident on two-slits, and one desires to measure 
the near field around these slits. When the NSOM tip is 
employed (middle panel) the plasmon is strongly disturbed by 
the presence of the sensor, and as a result the field exciting the 
entrance of the aperture is much different from what it would 
be in absence of the sensor. When the tip is surrounded by a 
plasmonic cloak however, the plasmon is much less disturbed, 
and the field exciting the tip is almost identical to what it is in 
absence of the sensor. 
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Fig. 25. (a) Average power in the near field of a dipole antenna in receiving 
mode. The antenna is illuminated by a plane wave. It is able to receive power, 
but strongly disturbs the straight power flow lines of the incident wave. (b) 
When the cloak is employed, the antenna still receive power, but the straight 
power flow stream lines are restored. ©2009 APS. Reprinted with 
permission, [272]. 


The concept of invisible sensors has been recently validated 
experimentally at optical frequencies [283]. The sensor was 
made of a semiconductor rod connected to two electrodes. 
Light incident on the sensor generates an electric photocurrent 
that is used for sensing. By covering the sensor with a 
plasmonic layer, it was shown that for a given polarization, 
the total scattering from the sensor was strongly reduced, 
while absorption was maintained. 
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Fig. 26. Top : Field associated with a surface plasmon propagating at the 
planar surface of a silver metallic block is emitted on the far left of the figure 
and incident on two slits. Middle: The same plasmon when an aperture mode 
NSOM tip is performing a measurement. The field is greatly disturbed by the 
presence of the sensor. Bottom : When the NSOM tip is cloaked, the measured 
field is the same as in absence of sensor. ©2010 APS. Reprinted with 
permission, [273]. 
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Fig. 27. Fundamental bounds in absorption and scattering for spherically 


symmetric passive scatterers, quantifying the possibilities associated with 
cloaked sensors. ©2014 APS. Reprinted with permission, [284]. 
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B. Fundamental limitations of passively cloaked sensors 


In a recent contribution [284], the authors have studied the 
fundamental limitations associated with the concept of 
cloaked sensors. From the optical theorem [285], we already 
know that it is not allowed for a passive linear causal system 
to absorb some energy and at the same time have identically 
zero scattering cross-section. We have quantified upper and 
lower bounds on the absorption efficiency associated with a 
given TE or TM scattering harmonic of order n. This 
fundamental limit is only valid for passive systems, which 
necesserily belong to the blue hachured region of Fig. 27. 

To illustrate these fundamental limitations, we show in Fig. 
28 the particular example of a 40nm silicon nanoparticle in the 
visible, which is a totally passive object that must abide by the 
physical bound. Because of losses inside the silicon, this 
nanoparticle absorbs some energy as it scatters light. Over the 


14 


visible range, its scattering and absorption cross-sections have 
the same order of magnitude (panel a). If turned into a sensor, 
the object would be pretty intrusive. By covering the 
nanoparticle with a properly designed silver shell, it is 
possible to significantly boost the ratio between absorption 
and scattering over the visible range (panel b), and make the 
absorber considerably more efficient. In panel (c), we take the 
data from panels (a) and (b) and represent it inside the 
fundamental TM; bound. It can be inferred that the effect of 
the cloak is to bring the system up to the high absorption 
efficiency region, but it can never go higher than the black 
line, which essentially quantifies the limits of passively 
cloaked dipolar absorbers and sensors. 
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Fig. 28. Fundamental bounds in absorption and scattering for spherically 
symmetric passive scatterers, quantifying the possibilities associated with 
cloaked sensors. ©2014 APS. Reprinted with permission, [284]. 


Cloaked sensors have also been proposed in designs based 
on transformation optics or cloak/anti-cloak interactions 
[286]. The concept has been extended to acoustic [287] and 
matter waves [255]. Note that the above-mentioned 
fundamental limitations only apply to passive systems. We 
conjecture that active cloaking schemes can be employed to 
achieve identically zero scattering in a system that is still able 
to perform a sensing operation. 
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VII. CONCLUSIONS 


In this paper, we have reviewed the recent developments in 
the science of invisibility and cloaking. We have highlighted 
what we believe to be dominant trends in this research area. A 
first trend, simplification of the cloak designs with calculated 
compromises on the cloaking performance, was illustrated as 
we described the evolution from the initial proposal for perfect 
scattering cancellation via transformation optics to more 
practical designs, sacrificing for instance the phase 
requirement (non-Euclidean transformation cloaking), 
omnidirectionality (carpet cloaking) or perfect scattering 
cancellation (plasmonic, mantle, TL networks, etc). A second 
important trend consists of translating the science of cloaking 
to other physical systems where cloaks may be easier to 
realize, as illustrated in our review of acoustic, thermal flux, 
matter-waves and liquid wave cloaking. The final trend, 
finding applications of cloaking with less stringent 
requirement than invisibility at visible frequencies, was 
exemplified by our review of the new possibilities enabled by 
cloaks in the field of non-invasive sensing. 
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Editorial Comment 


This is an article which is best described by saying that it covers: “Everything you wanted to 
know about Cloaking but were afraid to ask!” It does a comprehensive job of covering the subject, 
and discusses various aspects of cloaking not only in the microwave frequency range, but also in 
optics and acoustics. 


